Kaposi's sarcoma-associated herpesvirus or human herpesvirus 8 (KSHV/HHV-8) is the causative agent of Kaposi's sarcoma, body cavity lymphoma, and multicentric Castleman's disease (25, 33) . In cell culture, KSHV exists primarily in a latent phase, where no virus is produced and limited viral genome copies are maintained in infected cells. Lytic reactivation, resulting in the production of infectious virions, can be induced by various chemical agents as well as by the epigenetic regulation of the virus lytic switch protein encoded by the ORF50 gene, namely, K-Rta (3, 10, 19, 36, 46) .
During lytic infection, similar to the case for all herpesviruses, there is a cascade of viral gene expression consisting of the production of immediate-early, early, and late proteins. In the case of KSHV, lytic infection is also marked by the expression of a 1.1-kb noncoding transcript known as polyadenylated nuclear RNA (PAN RNA) (32, 34) . The PAN RNA transcript accumulates to very high levels in lytically infected cells, estimated at approximately 80% of the poly(A) ϩ RNA fraction (34) .
Although many factors influence or control KSHV growth, replication, and pathogenesis, the role of PAN RNA in any of these processes has been elusive. PAN RNA expression is activated by K-Rta through a K-Rta response element (RRE) present within the PAN RNA promoter (6, 32, 35, 36) . A small subset of PAN RNA is associated with high-molecular-weight ribonucleoprotein complexes (4) . To date, the emphasis of published studies, outside the initial reports characterizing the regulation of gene expression and mapping of the PAN RNA locus, has been on PAN RNA sequence elements that increase the nuclear abundance of intronless mRNA and on structural analysis of PAN RNA (7, 26, 30) . However, these studies failed to address the function of PAN RNA, and to date, previous studies have not definitively shown that PAN RNA contributes an essential role to KSHV growth. Also, the singular role of PAN RNA functioning as a factor that increases the abundance of cellular transcripts has not been established. The lack of identification of specific transcripts (cellular or viral) that are affected by PAN RNA expression suggests that PAN RNA may have other roles in KSHV lytic replication.
The discovery of significant functional roles for long noncoding RNAs (ncRNAs) in human cells with respect to their association with chromatin-modifying complexes (13, 15, 16) suggested to us that KSHV PAN RNA may function to control gene expression in a targeted but global manner. These previously described ncRNAs play key regulatory roles, such as regulating the activity or localization of proteins and acting as scaffolds to regulate gene expression (11, 28) .
The overall goal of this study was to identify cellular and viral factors that interact with PAN RNA and to use these data to predict one possible function for the transcript. In an effort to identify cellular and viral binding partners for PAN RNA, we employed an in vitro affinity column protocol. Using this protocol, PAN RNA covalently linked to cyanogen bromide (CNBr) agarose beads was used as bait for factors present in induced, infected BCBL-1 cell nuclear extract. Eluted proteins were resolved by two-dimensional (2D) gel electrophoresis, followed by protein identification by liquid chromatographymass spectrometry (LC-MS) analysis. PAN RNA was shown to interact with virus-encoded proteins ORF59 and ORF26 and with cellular histones H1 and H2A and mitochondrial and cellular single-stranded DNA binding proteins (SSBPs). Additionally, the cellular protein interferon regulatory factor 4 (IRF4) was identified as a putative binding partner for PAN RNA. Transient expression assays demonstrated that expression of PAN RNA efficiently downregulated activation of an IRF4-responsive promoter, possibly implicating PAN RNA as a factor that especially affects the function of IRF4, and they suggested a role in immune modulation. To follow up on the possible broader role of PAN RNA in immune responses, a BJAB cell line that constitutively expressed PAN RNA was generated and used to evaluate the expression profiles of several interferon response and signaling genes by quantitative PCR (qPCR). The results show a decrease in the expression of several genes that regulate the immune response and strongly suggest that PAN RNA plays a role in immune modulation.
MATERIALS AND METHODS
Cells. HEK293 and Cos 7 cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% bovine growth serum (HyClone, Logan, UT). BCBL-1 and BJAB cells were maintained in RPMI medium supplemented with 10% fetal bovine serum (FBS). The BJAB-PAN cell line was created by electroporating 10 ϫ 10 6 BJAB cells in 0.5 ml DMEM with 100 mg sheared salmon sperm DNA (Ambion) and 1 mg pcDNA-PAN (provided by N. Conrad, University of Texas). BJAB cell mixtures were put into a 4-mm-gap mammalian electroporation cuvette and pulsed at 200 V, with the capacitance set to 1,600 F. Cells were allowed to recover for 5 min on ice and then plated on RPMI medium with 10% FBS. Twenty-four hours after electroporation, cells were pelleted and plated on RPMI medium-10% FBS with 2 mg/ml G418 to select for BJAB cells that contained the pcDNA-PAN plasmid.
RNA purification. PAN RNA was generated from a linearized plasmid containing the PAN locus or antisense PAN by using Megascript T7 (Ambion). PAN RNA was subjected to DNase treatment to remove any residual plasmid DNA, and RNA was then extracted with phenol-chloroform, precipitated with isopropanol, and resuspended in Tris-EDTA (TE) with RNaseOut (Invitrogen). A sample of PAN RNA was electrophoresed in a 1% agarose gel containing 6% formaldehyde in 1ϫ MOPS (morpholinepropanesulfonic acid) to visually check RNA integrity.
BCBL-1 and BJAB cell nuclear extracts. To isolate proteins binding with PAN RNA, nuclear extracts were prepared from BCBL-1 cells induced with 12-tetradecanoyl phorbol 13-acetate (TPA) and sodium butyrate. BCBL-1 cells (1 ϫ 10 7 ) were induced with 25 ng/ml TPA and 0.3 mM sodium butyrate for 72 h before being harvested for nuclear extract. BJAB cells (1 ϫ 10 7 ) were used to harvest control nuclear extract. Nuclear extract was prepared using a CelLytic NuCLEAR extraction kit (Sigma). Western blots for K-Rta and K-bZIP were performed on purified nuclear extract to verify that the BCBL-1 cells had been induced to enter the lytic cycle. Nuclear extract was diluted 1:4 in buffer A (10 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 , 5 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF], protease inhibitors) before being loaded onto the prepared PAN RNA column.
PAN RNA column and nuclear extract preparation. A CNBr-activated Sepharose 4 Fast Flow column (GE Heathcare Life Sciences) was used to immobilize the PAN RNA. In order to couple the PAN RNA with CNBr-activated Sepharose, the CNBr-activated Sepharose (1 g) was reconstituted with 10 ml cold 1 mM HCl for 5 min and then washed with 2 ml cold 1 mM HCl for 5 min, and this was repeated three times. Beads were washed once with coupling solution (0.1 M NaHCO 3 [pH 8.3], 0.5 M NaCl), and PAN RNA was diluted in 2 ml coupling solution with 20 l RNaseOut (Invitrogen), added to CNBr beads (approximately 2 ml PAN RNA coupling solution to 4 ml packed beads), and incubated overnight with rotation at 4°C. PAN RNA-coupled beads were washed once with 5 volumes of coupling buffer to remove excess PAN RNA. Nonreactive groups on the CNBr-activated Sepharose were blocked with 1 volume of 0.1 M Tris-HCl (pH 8.0) with 125 g/ml of poly(dI-dC) for 2 h at room temperature. The PAN RNA-bound beads were then washed three times with alternating low-pH buffer (0.1 M Tris acetate [pH 3.5], 0.5 M NaCl) and high-pH buffer (0.1 M Tris-HCl [pH 8.5], 0.5 M NaCl). Beads were washed with buffer A and loaded onto a column, and excess buffer was allowed to flow out by gravity. Nuclear extract from either induced BCBL-1 or BJAB cells was added to the PAN RNA column, and the eluant that passed through the PAN RNA-bound beads was stored as the unbound fraction. After the column was washed once with buffer A, the bound proteins were eluted with the same buffer containing sequentially increasing concentrations of NaCl (50 mM, 150 mM, 500 mM, and 1 M). Eluted proteins were used for 2D gel analysis.
PAN proteomics with MS analysis. BCBL-1 and control cell proteins from different salt elutions were matched and differentially labeled with Cy5 (control cells) or Cy3 (BCBL-1 cells). Proteins were separated using 2D gel electrophoresis, and protein spots were compared using DeCyder 2D 7.0 software (9) . A total of 8 spots were identified that were on the PAN RNA BCBL-1 2D gels and were not present on the control gels. These protein spots were picked and identified by mass spectrometry.
Luciferase reporter assay. HEK293 cells were cotransfected with the pGL3-il4 promoter, IRF4, PU.1 (provided by M. Kaplan, Indiana University), and pcDNA-PAN. Cells were lysed, and standard luciferase detection was performed (Promega). Each assay was measured in triplicate, and each experiment was repeated three times.
Subclones carrying PAN RNA were generated and ligated into the phCMV-xi vector (Genlantis) by using a CloneEZ kit (Genscript). Primers were constructed to amplify the PAN RNA locus as two fragments, named PAN1 (consisting of 563 nucleotides [nt], corresponding to coordinates 28661 to 29223 in the HHV-8 genome [GenBank accession no. AF148805]) and PAN2 (consisting of 559 nt, corresponding to coordinates 29224 to 29782). Primers specific to each PAN half were constructed with ends homologous to the multicloning site within the phCMV-xi vector to allow for insertion of the PCR product through homologous recombination. The PCR primers were as follows (the lowercase sequence is homologous to the phCMV-xi vector sequence, and the uppercase sequence is the PAN RNA locus sequence): PAN-1Forward, 5Ј-cgacttaacagatctcgagctcaagc ttcgaattcTTTAGCACTGGGACTGCCCAGTCACCTTGGC; PAN-1Reverse, 5Ј-cccgggcccgcggtaccgtcgactgcagaattcCAGATTGTCACATTTAGGGCAAAGT GGCC; PAN-2Forward, 5Ј-cgacttaacagatctcgagctcaagcttcgaattcGATGTGTATC TTATTGGTGCGTTGTGAAGCA; and PAN-2Reverse, 5Ј-cccgggcccgcggtaccg tcgactgcagaattcCCATCCCAATCGACGCAAGTCAAGACACAA.
In order to clone the PAN RNA PCR product, the phCMV-xi vector had to first be linearized by EcoRI restriction enzyme digestion. After the vector was determined to be linearized, the vector and PCR insert were incubated together with CloneEZ enzymes and buffer according to the manufacturer's instructions. Correct clones were screened by restriction enzyme digestion patterns and subsequent sequencing.
Real-time PCR. Total cell RNA was harvested from 10 ϫ 10 6 cells by using a PureLink RNA minikit (Invitrogen) followed by removal of genomic DNA by use of Turbo DNA-free reagent (Ambion). cDNA was synthesized from 25 g of total RNA in the presence of random hexamers, deoxynucleoside triphosphates (dNTPs), and Superscript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions. cDNA was diluted in Power SYBR master mix (ABI) along with specific primers and then was distributed in triplicate into wells of a standard 96-well plate. The following standard qPCR program was used ) were treated with 0.3 mM sodium butyrate. Forty-eight hours after treatment, cells were harvested, washed once with 1ϫ phosphate-buffered saline (PBS), and fixed in 1% methanol-free formaldehyde for 10 min. Cells were pelleted, washed once with PBS, and quenched with 125 mM glycine for 5 min. After a final wash with PBS, cells were brought up in 2 ml RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with a protease inhibitor cocktail (Sigma), RNaseOut (Invitrogen), and 1 mM PMSF. Cells were sonicated, and the extracts were centrifuged at 800 ϫ g for 5 min at 4°C to remove debris. RNA was precipitated by adding 300 l lysate, 5 l antibody, 50 l protein G agarose beads (Santa Cruz Biotechnology), and 1 l RNaseOut. This mixture was rotated overnight at 4°C. The input control was 98 l of lysate mixed with 2 l of 5 M NaCl and frozen at Ϫ80°C until the proteinase K digestion step the following day. After the overnight incubation, the beads were washed with 1 ml of RIPA buffer, once with 1 ml of low-salt wash (0.1 SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8.0], 150 mM NaCl), once with 1 ml of high-salt wash (0.1 SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8.0], 500 mM NaCl), once with 1 ml of LiCl wash (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris [pH 8.0]), and twice with 1 ml of TE. The beads were resuspended in 150 l elution buffer (1% SDS, 100 mM NaHCO 3 [pH 9.0]) for 15 min. The elution step was repeated and the fractions combined, 60 l 1 M Tris-HCl (pH 6.8) was added to the elution complexes, proteinase K was added at 0.2 mg/ml to the samples and input, and the samples were incubated at 37°C for 60 min. The cross-links were reversed at 65°C for 18 h, the beads were pelleted, and supernatant was moved into 1 ml TRIzol LS (Invitrogen) and incubated for 5 min at room temperature. Two hundred fifty microliters of chloroform was added to the TRIzol mixture, mixed by hand, and allowed to incubate for 15 min before centrifugation at 12,000 ϫ g for 10 min at 4°C to separate the phases. The upper phase containing the RNA was removed, 1 volume of isopropanol was used to precipitate the RNA, and 1 l of GlycoBlue (Ambion) was added to aid in visualizing the RNA pellet. After 15 min of incubation at room temperature, this was centrifuged at 12,000 ϫ g for 15 min at 4°C and then washed with ice-cold 75% ethanol. The pellet was briefly allowed to air dry and then resuspended in 30 l nuclease-free water. RNA samples were treated with Turbo DNA-Free reagent (Ambion) according to the manufacturer's instructions. Five microliters of the RNA was then used in a Qiagen OneStep reverse transcriptase PCR (RT-PCR) kit, using primers specific to an internal region within the PAN RNA locus (forward primer, TAA TGT GAA AGG AAA GCA GCG CCC; and reverse primer, TAA CAT TGA AAG AGC GCT CCC AGC), ORF45 (forward primer, ACG TCC GGA GAG TTG GAA CTG TCA T; and reverse primer, GGC GTC CAT GGG ATG GGT TAG TCA G), or U1 RNA (forward primer, ATA CTT ACC TGG CAG GGG AG; and reverse primer, CAG GGG AAA GCG CGA ACG CA). The no-RT control was subjected to PCR only, not to the reverse transcriptase step.
For qPCR of immunoprecipitated RNA, first we synthesized cDNA by using either random hexamers, dNTPs, and Superscript III reverse transcriptase (Invitrogen) or an iScript kit (Bio-Rad) according to the manufacturer's instructions. The resulting cDNA was then used along with TaqMan Universal PCR master mix (Applied Biosystems) and specific primers and 6-carboxyfluorescein (FAM)-labeled probes (IDT) in an Eppendorf RealPlex thermal cycler. The following qPCR program was used: 1 cycle at 95°C (hot start) for 5 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. Primers used for detection of specific gene expression were as follows: PAN Forward, TAA TGT GAA AGG AAA GCA GCG CCC; PAN Reverse, CAT TTA GGG CAA AGT GGC CCG ATT; PAN probe, 56-FAM-ACA GTG GTG-ZEN-CAC TAC CTA TCT GCT CA-3 IABkFQ; ORF50 Forward, ACC AAG GTG TGC CGT GTA GAG ATT; ORF50 Reverse, AGC CTT ACG CTT CTT TGA GCT CCT; ORF50 probe, 56-FAM-AGG CGA CAA-ZEN-CAC CCA AAC GAA AGC A-3IABkFQ; LANA Forward, AAC AAA TTG CCA GTA GCC CAC CAG; LANA Reverse, TAA CTG GAA CGC GCC TCA TAC GA; and LANA probe, 56-FAM-ATA CAC CAG-ZEN-ACG ATG ACC CAC AAC CT-3IABkFQ.
Antibodies to the following proteins were used for the ChIP assays: histone H2A (Active Motif), ORF59 (Advanced Biotechnologies Inc.), histone H1 (Abcam), RPA70 (Abcam), p53 (Santa Cruz), ␣-actinin (Santa Cruz), and IRF-4 (Santa Cruz).
RESULTS
Identification of PAN RNA binding partners. As a first step toward understanding the role of PAN RNA in KSHV growth, we wanted to develop a protocol to identify putative factors that bind to PAN RNA in infected cells. Binding partners for other noncoding RNAs were elucidated using an RNA-protein affinity purification strategy (43, 48) . Hence, we also used this strategy for the identification of binding partners for PAN RNA. We synthesized PAN RNA in vitro and coupled the full-length transcript to CNBr agarose beads. The CNBr-PAN RNA complexes were loaded into affinity gravity columns. Nuclear extracts were prepared from lytic cycle-induced BCBL-1 cells, which harbor KSHV genomes. As a control for nonspecific protein binding, nuclear extracts from BJAB cells were also prepared and subjected to the same experimental protocol. These nuclear extracts were passed through the CNBr-PAN RNA column, the column was washed, and bound protein was eluted using increasing NaCl concentrations. Eluted protein was resolved by 2D gel electrophoresis. 2D gels for BCBL-1 cell proteins eluted from PAN RNA-containing affinity columns were compared with BJAB cell-eluted proteins, and protein spots that were distinct to the BCBL-1 cell samples were selected and picked. Each protein spot was subjected to LC-MS analysis to identify specific proteins that interacted with PAN RNA. Figure 1A is a schematic showing the protocol used to elucidate the binding partners for PAN RNA in BCBL-1 cell nuclear extracts. Figure 1B shows the distinct PAN RNA binding proteins that were identified by LC-MS. Several viral proteins were identified: ORF26, -57, and -59. ORF57 was previously shown to interact with PAN RNA (30) . However, ORF26 (minor capsid protein) and ORF59 (processivity factor) were not previously demonstrated to interact with PAN RNA. Interestingly, two single-stranded DNA binding proteins were also shown to interact with PAN RNA. Human single-stranded binding protein 1 (SSBP1) and mitochondrial single-stranded binding protein (mtSSBP) were both identified in our screen. Additionally, several histone proteins were also identified, including histone 1 (4He) and histone 2A. We also identified IRF4 as a putative binding partner for PAN RNA. Taken together, these interactions suggest a role for PAN RNA in nuclear scaffolding and gene regulation, viral DNA replication, and regulation of immune responses.
Confirmation of protein-RNA interactions in an infected cell environment. Since the in vitro column affinity assay identified several cellular and viral factors that interacted with PAN RNA, we next wanted to determine if PAN RNA interacted with the identified proteins in an infected cell environment. We also wanted to confirm the identified interactions from the proteomic assay by using a method that preserved intact cells and more closely resembled the natural environment of PAN RNA. An rChIP assay with BCBL-1 cells, a cell line harboring KSHV latent genomes that can be induced to enter the lytic phase, takes advantage of a well-defined system for KSHV lytic reactivation. Additionally, this type of assay is able to determine and confirm specific protein binding to PAN RNA in an intact cellular environment. BCBL-1 cells were treated with n-butyrate to induce the lytic phase of virus replication (and expression of PAN RNA), and at 3 days posttreatment, rChIP assays were performed using antibodies specific for H2A, IRF4, SSBPs, and KSHV ORF59. We also immunoprecipitated two proteins that were not identified in our initial proteomic screen, namely, p53 and ␣-actinin. As a control for nonspecific binding of RNA, we used beads alone and primers specific to an unrelated KSHV-encoded transcript (ORF45) and to the nuclear U1 RNA. Immunoprecipitated RNA was subjected to reverse transcriptase PCR using random primers. cDNAs from samples were then evaluated by using PCR primers specific for PAN RNA or control RNA. The rChIP assay showed detectable PCR bands for all tested protein-RNA interactions, strongly suggesting that PAN RNA interacts with the identified factors in the infected cell environment and confirming the findings from the column affinity assay (Fig. 2, 
FIG. 1. Proteomic analysis of PAN RNA binding factors. (A) Experimental design.
In vitro-transcribed PAN RNA was coupled to an activated CNBr Sepharose column. Nuclear extracts from KSHV-positive (ϩ) (BCBL-1) or KSHV-negative (Ϫ) (BJAB) cells were flowed over PAN RNA columns, and proteins were eluted from the columns. Proteins were resolved by 2D gel electrophoresis, and gels were compared for distinct protein spots present only in the gel that contained the BCBL-1 cell eluates. Spots were excised from the gel and then subjected to LC-MS for protein identification. Control samples in which immunoprecipitated protein-RNA complexes were subjected to PCR amplification using primers specific for ORF45 or U1 RNA showed no amplification product (Fig. 2, bottom panels) . Also, immunoprecipitations using p53-or ␣-actinin-specific antibodies were negative for PAN RNA (Fig. 2, top panel) . We also performed real-time PCR (qPCR) analysis of RNAs precipitated in the rChIP assay. This was done to show that our rChIP assay was specific for PAN RNA and that very little non-PAN RNA was present in samples immunoprecipitated with each specific antibody (Fig. 2) . We measured the amounts of LANA, K-Rta, and PAN RNAs in input and immunoprecipitated samples, and the average C T values are reported for each rChIP assay performed. The percentage of input RNA corresponding to the LANA or K-Rta mRNA found in each rChIP assay indicated that very little of the mRNA species was present in the immunoprecipitated samples for each specific antibody used (Fig. 2 , bottom panel, LANA and K-Rta). However, the percentage of input corresponding to PAN RNA indicated that a high percentage of input PAN RNA was immunoprecipitated with each specific antibody used in the rChIP assay (Fig. 2, bottom panel, PAN) .
Taken together, these data strongly suggest that the rChIP assay accurately confirmed the PAN RNA binding partners that were identified in our initial proteomic screen.
PAN RNA expression interferes with IRF4-mediated promoter activation. IRF4 is a transcription factor that interacts with PU.1 to upregulate gene expression for several immune response factors (8) . IRF4 plays a critical role in the maturation of B and T cells and the activity of dendritic cells (18, 38) . Since our proteomic analysis suggested that PAN RNA interacts with IRF4, we wanted to investigate if the activity of IRF4, specifically its ability to activate the interleukin-4 (IL-4) promoter, was affected by the presence of PAN RNA. It was previously shown that IRF4, along with PU.1, binds to and transactivates the IL-4 promoter (2). Hence, if PAN RNA interacts with IRF4 and this interaction in turn inhibits the ability of IRF4 to bind to its DNA target and/or PU.1, we would observe a decrease in IL-4 promoter activation. To this end, we evaluated the ability of IRF4/PU.1 to transactivate IL-4 in the presence of PAN RNA in HEK293 cells cotransfected with plasmids expressing IRF4, PU.1, and PAN RNA or antisense PAN RNA along with a plasmid containing the IL-4 promoter upstream of the luciferase gene.
Cotransfection of the IRF4 and PU.1 expression plasmids along with the IL-4 promoter-luciferase reporter plasmid showed an approximately 10-fold increase in promoter activity compared to transfection of the IL-4 promoter alone (Fig. 3A, IRF4ϩPU.1ϩIL4prom ). The addition of the PAN RNA expression plasmid to the transfection mixture reduced the level of luciferase significantly (Fig. 3A , compare IRF4ϩPU.1ϩIL4prom to IRF4ϩPU.1ϩIL4promϩPAN RNA). The addition of the reverse PAN RNA expression plasmid to the transfection mixture had little effect on promoter activation (Fig. 3A, IRF4ϩPU .1ϩIL4promϩ PANrev). We also generated PAN RNA expression plasmids that produced nt 1 to 563 (PAN1) and nt 559 to 1121 (PAN2) of the PAN RNA transcript. These expression plasmids were transfected along with IRF4 and PU.1 expression plasmids and the IL-4 promoter-luciferase reporter plasmid. Only the PAN1 expression plasmid was able to reduce the IL-4 promoter activity, whereas the PAN2 expression plasmid had only a modest effect on promoter activation (Fig. 3A, IRF4ϩPU.1ϩIL4promϩPAN1) . Transfection of the PAN RNA expression plasmid alone had no effect on Immunoprecipitations were performed using the indicated specific antibodies. Beads alone were used as an immunoprecipitation control, along with immunoprecipitations using p53-or ␣-actinin-specific antibodies, followed by amplification of PAN RNA. Amplification using ORF45-or U1 RNA-specific PCR primers was used as a control to detect contaminating RNA. (Bottom) qPCR evaluation of precipitated RNA. RNA precipitated in the rChIP assay with each antibody was subjected to qPCR analysis using primers and probes specific for LANA, K-Rta, or PAN RNA. Data shown are percentages of input and are averages for 3 replicates. Cotransfections were performed as described for the luciferase assay, except that protein extracts were prepared and lysates were separated using SDS-PAGE, transferred to a PVDF membrane, and incubated with IRF4-, PU.1-, or actin-specific antibodies.
IL-4 promoter activation (Fig. 3, IL4promϩPAN) . These data suggest that the interaction domain and/or functional region of PAN RNA with respect to the ability to interfere with IRF4-mediated transactivation activity lies within nt 559 to 1121 of the transcript.
As a control for expression, we evaluated the protein expression levels of IRF4 and PU.1 in the presence of PAN RNA expression. The presence of the PAN RNA expression plasmid pcPAN did not affect the level of IRF4 or PU.1 protein expression in the transient transfection assay, indicating that PAN RNA did not influence protein expression (Fig. 3B) . These results strongly suggested that the expression of PAN RNA interfered with the ability of IRF4 to transactivate the IL-4 promoter in a transient reporter protocol.
PAN RNA expression results in a decrease in expression of specific human interferon signaling and response mRNAs. Our initial screen identified several putative binding partners for PAN RNA. Previous studies involving ncRNAs also suggested that these nucleic acids could repress transcription in trans (28) . In some cases, ncRNAs can physically interact with regulatory proteins that interact with repressive complexes and downregulate the activity of genes (13, 15) .
Since we already established an interaction of PAN RNA with IRF4 and determined that this interaction could repress the activation of an IRF4-responsive promoter, we chose to examine expression profiles for some of the genes encoding human interferon signaling and response factors in human cells in the presence of PAN RNA expression. We reasoned that since PAN RNA interacted with a transcription factor that modulated the immune response, perhaps PAN RNA has a wider role in regulating immune responses in general.
To test our hypothesis that PAN RNA could impact the expression profiles of specific human interferon signaling and response genes, we generated a BJAB cell line that constitutively expressed PAN RNA. We transfected a PAN RNA expression plasmid into BJAB cells and selected PAN RNA-expressing cell lines by using G418. BJAB-PAN cell populations were expanded, and the cell line was shown to express PAN RNA by RT-PCR and qPCR (Fig. 4A) . Lane 1 in Fig. 4A shows the presence of a PAN RNA cDNA-specific band, whereas an RNA sample in which reverse transcriptase was omitted failed to amplify a specific PCR product (Fig. 4A, lane 2) . qPCR analysis also confirmed the expression of PAN RNA in the BJAB cell line (Fig. 4A,  bottom panel) .
After confirming the expression of PAN RNA in the BJAB cell line, we evaluated the accumulation of IFN-␥, IFN-␣16, IL-18, and RNase L mRNAs in cells constitutively expressing PAN RNA and compared the mRNA levels to those in a BJAB cell line transfected with empty vector. The expression levels for all of the immune response genes tested showed a decrease in mRNA accumulation in cells expressing PAN RNA (Fig. 4B) . Gene expression levels for CXCL3, CCL13, CCR5, and p53 were affected Ͻ1-fold compared to controls, suggesting that only a specific set of genes were altered by PAN RNA expression (Fig. 4B) . We next chose to evaluate the protein expression level of IFN-␥ by measuring the amount of IFN-␥ in the supernatant of BJAB cells expressing PAN RNA compared to that for control BJAB cells. Cells were stimulated with PMA and ionomycin, cellular supernatants were collected, and the concentration of secreted IFN-␥ was measured by ELISA. PAN RNA expression resulted in the inhibition of secretion of IFN-␥ compared to that in control cells (Fig. 4C) . These results suggest that PAN RNA can suppress the expression of immune response genes.
Taken together, these findings strongly argue that PAN RNA mediates cellular gene expression levels, and for the first time, we establish at least one function for this very abundant virus-encoded RNA. product (48) . ncRNAs are emerging as major regulatory factors of cellular functions (20, 21, 24, 37, 44) . Although the proposed mechanisms of action for ncRNAs vary, there are reports of this class of nucleic acids associating with chromatinmodifying complexes to effect gene expression (13, 15, 28) . In some cases, ncRNAs have been demonstrated to mediate global gene expression pathways (13) . ncRNAs have the capacity to directly interact with cellular proteins and alter function or subcellular localization (44) . Hence, it is likely that interacting proteins tether or link ncRNAs to their target loci. Long ncRNAs may also act via a sequence recognition mechanism. The secondary structure of the RNA, i.e., base pairing and looping within the RNA molecule, may allow for an interaction of distant sequences that results in a binding molecule that is not apparent from the primary sequence. Alternatively, it could be the RNA structure itself that mediates an interaction with proteins and/or DNA loci. Interestingly, KSHV PAN RNA was recently shown to have a distinct secondary structure that forms a triple helix (26) .
DISCUSSION
Since PAN RNA had no known function, we took the initial approach of investigating the putative binding partners present in lytically infected nuclear extracts. Similar methods have been used to identify other DNA/RNA binding partners (31, 41, 43) . For our experiments, we minimized false-positive results by subtracting proteins eluted from an affinity column subjected to uninfected BJAB cell nuclear extract. Data collected from these experiments suggested that PAN RNA interacts with proteins that bind directly to chromatin (histones H1 and H2A). We confirmed many of these interactions by using an RNA ChIP assay of infected BCBL-1 cells and showed that PAN RNA does interact with histones and other cellular factors in an infected cellular environment. We also confirmed the interaction of PAN RNA with the virally encoded processivity factor ORF59. Additionally, since our screen also identified interactions with a transcription factor involved in immune modulation (IRF4), we also speculated that PAN RNA might have a wider role in influencing specific gene expression with respect to the interferon signaling and response pathway.
Among DNA viruses, human cytomegalovirus (HCMV) provides the best example of a long regulatory ncRNA. HCMV produces an ncRNA that regulates the apoptotic pathway (27) . The interaction of KSHV PAN RNA with human mtSSBP and SSBP1 is very intriguing. mtSSBP is involved in mitochondrial DNA replication, and like all SSBPs, it is thought to maintain the integrity of single-stranded DNA intermediates generated during DNA synthesis and to protect them from refolding or nucleolytic attack. Also, despite its name, mtSSBP is found within the cell nucleus. Recently, mtSSBP was shown to interact with p53 (45) . Interestingly, the Epstein-Barr virus-encoded protein ZTA interacts with mtSSBP and apparently uses the mtSSBP function to promote viral DNA synthesis (42) . The interaction of SSBPs with PAN RNA may act to protect the transcript from degradation or implicate PAN RNA as having a role in DNA synthesis. Although SSBPs do have a low affinity for RNA, they primarily bind to single-stranded DNA; hence, the interaction of these proteins with PAN RNA may be unique to PAN RNA and suggests a novel and as yet uncharacterized role for mtSSBP/SSBP in KSHV growth. Likewise, the interaction of PAN RNA with histones (also typically involved in DNA binding) may suggest that these proteins act to protect PAN RNA or influence its structure. The interaction with histone proteins may facilitate the ability of PAN RNA to regulate gene transcription or help to stabilize the structure of PAN RNA in the nucleus. PAN RNA could affect gene expression patterns by interacting with specific genomic regions via tethering with histone proteins. Another alternative is that PAN RNA could facilitate gene silencing or upregulation by interacting with protein complexes that alter histone methylation states. It has been reported that noncoding RNAs interact with chromatin-modifying complexes (11, 28) . These types of interactions will be explored further.
Our proteomic screen identified KSHV-encoded proteins ORF26, -59, and -57 as putative binding partners for PAN RNA. ORF26 is the minor capsid protein, and the interaction of this protein with PAN RNA is interesting because PAN RNA was shown to be a component of the virion (4). Hence, it is possible that PAN RNA contains an interaction domain that allows for tethering to a viral structural protein. The interaction of PAN RNA with a virus structural protein and the fact that PAN RNA is part of the virion allow for the possibility that the immunosuppressive activity of PAN RNA can occur before the onset of the lytic virus program.
ORF59 is the DNA polymerase processivity factor (PPF). Although ORF59 is associated with DNA polymerase, herpesvirus PPFs are multifunctional and are implicated in having a wider role in herpesvirus initiation of DNA replication, particularly in the regulation of DNA synthesis. Our recent studies demonstrated that ORF59 interacts with ORF50 and that this complex possibly recruits the replication complex to oriLyt (29) . ORF59 may serve to direct PAN RNA to regions of the KSHV genome. PAN RNA may mediate or facilitate lytic DNA replication in an as yet unknown capacity. Alternatively, ORF59 may serve to stabilize PAN RNA or help with the formation of a structural conformation that aids in regulation of host cell gene expression.
ORF57 was recently shown to interact with PAN RNA and apparently protects PAN RNA from degradation (30) . Our proteomic screen did identify ORF57 as a binding partner for PAN RNA, again lending a level of confidence to the affinity column methodology used. The observation that PAN RNA interacts with several proteins of viral origin suggests a multifunctional role for this ncRNA.
This study identified a novel pathway targeted by KSHV by the expression of an abundant ncRNA. Experiments are in progress to address the roles of the viral and cellular binding partners in the function of PAN RNA. The scope of the present study was to establish PAN RNA as a functional transcript in infected cells. Identification of IRF4, a factor involved in immune responses, also led to the discovery that PAN RNA could function as a regulatory ncRNA that downregulates the expression of immune response modulators.
We have clearly established that PAN RNA interacts with several virus-and host cell-encoded proteins and is a modulator of gene expression, affecting at least some of the genes involved in immune responses and regulation. Other gene expression programs may also be affected and are currently being studied. Although we have not yet identified the exact mechanism(s) by which PAN RNA regulates cellular gene expression, the focus of this study was to establish a functional role for PAN RNA. Since PAN RNA was shown to interact with histone proteins, this suggests a targeted or direct chromatin reorganization or modification as a possible mechanism. PAN RNA accumulation in KSHV-infected cells is extremely high, so we predict that it has other functions and an even more pronounced effect on gene regulation than that observed in our expression cell lines. Immune response suppression by KSHV has been shown previously and involves various virus-encoded proteins (1, 5, 14, 17, 22, 23, 47) . Interestingly, PAN RNA expression also resulted in a knockdown of expression of RNase L. Other viruses have evolved mechanisms to neutralize the function of RNase L during virus infection (12, 39, 40) .
The data presented here establish another highly efficient mechanism used by KSHV to specifically downregulate the immune response pathway.
